Background: Energy systems for smart regions will require on the one hand a much higher share of renewable energy sources for heat and electricity and on the other hand a high standard integration of industry and utilities supplying households and businesses. As energy options become more diverse, integration of industry into the energy provision for settlements and vice versa become important from an economic and ecological point of view. A particular problem is the supply of bio-energy to large industrial complexes as this requires considerable efforts to manage resource provision as well as constructing smart systems to utilise available resources without posing direct competition to the supply of food and feed. Methods: This paper will discuss the application of Process Network Synthesis (PNS) using the P-Graph method as a tool to generate optimal energy systems supplying industry with energy based on bio-resources in the context of a rural region and small urban centre. Application of these methods to a real life case study in an industrial city in rural context (Weiz in Austria) will be discussed from the viewpoint of general lessons to be learned from the design of complex energy systems linking different energy provision sources to supply industry and residential areas in a systemic way with energy. Results: The synthesis resulted in a basic optimal solution containing the economically most feasible regional energy-technology network. Scenarios show differences in resource use and the creation of revenue. Anaerobic digestion, CHP and wood gasification appear for most of the scenarios.
Background
Regional energy systems of the future will have to be based on renewable sources to a much larger extent. Whereas there are interesting examples of an implementation of regional sustainable energy systems for relatively small and rural settings [1] , integration of large consumers such as industrial plants as well as the supply for larger urban centres still remains a problem to be solved on a larger scale [2] . Utilisation of renewable resources as a base for the energy system will require to rethink the interaction between spatial planning, energy technologies and distribution grids [3] leading to the need of tailor-made solutions that take the individual context of the region into account. This includes the particular mix of available resources, the demand of energy in its various forms as well as the availability and capacity of distribution grids. For all these parameters, their spatial component and temporal characteristic have to be considered.
The development and implementation of smart energy systems on the regional level requires co-operation and co-ordination of a large number of economic, social, political and administrative actors. It is therefore less a straightforward planning process than a deliberation process about future development. This deliberation has to be supported by appropriate methods that allow the optimisation of complex technology networks and resource logistics to provide solid ground for actor discourse.
In this research, an optimum technology network for a specific case study region shall be found. In the next step, scenarios will be made to identify price limits and technologies which have high grades of application stability. The objective of the study results in an adaptable optimum structure and scenarios which represent the existing technology network, available resources, prices, energy supply and demand situation of the region as well as possible new energy technologies. This model will then be used as a decision-making support tool for a specific region in Austria. It will set the basis for a future development of the city's energy system planning to raise optimum energy structures for the settlements and a specific industrial area. The research is part of a broader regional process. Because of structural changes in working behaviour, limits of resources and population growth, rural areas, urban spaces and industrial sides are drawing closer together. The region Weiz/Gleisdorf was chosen as a study area because the municipalities situated there work together to form a common energy region elaborating an energy concept involving industrial producers, energy suppliers and other regional and urban stakeholders. Results of the research are used for dialogue with regional stakeholders. The reason for the research discussion is finding the best regional solution, looking at resources, technologies and economics (optimal technology network) and analysing deviations when accounting for certain conditions, among other stakeholder interests. An integration of renewable technologies in energy supply networks has a promising potential to increase added municipal value [4] .
Problem definition
The study area includes 19 municipalities in the region Weiz/Gleisdorf. This area qualified for an intensive investigation because it shows urban structures in a regional context, which means that there is a big potential of resources from rural areas and waste heat from an industrial side as well as demand from denser settlements in urban areas. The total area of the municipalities is 26,817 ha, with a population of 43,758 people. The biggest urban centre in this region is the city of Weiz with a surface area of 359 ha. The region in the South-East of Austria has a long industrial history and hosts a number of high-tech engineering and manufacturing sites.
The model requirements of the study were to find the optimal technology network as well as sites for energy provision installations that provide a large manufacturing plant with process heat and electricity, utilising regionally available bio-resources while generating the highest possible value added on a regional scale.
The design conditions of the study are not restricted to the provision of energy to the manufacturing plant but also allow to supply residential heat for nearby settlements in the urban centre of Weiz as well as provide bio-methane and electricity (from bio-resources) to the grid if this increases the overall economic performance of the system.
The Process Network Synthesis (PNS) had to render consistent and comparable optimal solutions for this task based on different scenarios. These scenarios take into account: the variability of cost and price options, availability of resources, and the availability of locations for construction area as well as market developments (demand for heat and electricity).
The results from the calculations form the base for a broad stakeholder discourse currently going on in the region.
Energy demand and spatial context
South of the city of Weiz, the energy demand of ELIN motor factory shall be supplied by the energy system developed here. Its current energy demand accounts for 3,421 MWh el electricity per year and 271,112 Nm 3 natural gas per year, partly for supply of high temperature process heat. The natural gas is burnt by an existing gasfired boiler and the heat from it is currently covering their heat demand.
In consultations with the municipalities involved, three locations (L1 Thannhausen North, L2 Thannhausen South and L3 Mortantsch in Figure 1 ) were identified for possible constructions of energy provision centres including anaerobic digestion and/or biomass gasification plants, along with auxiliary installations (e.g. CHP plants, biogas upgrading plants, etc.). At the site of the manufacturing plant, a new CHP plant is also optional.
Methods
A number of recent publications have tackled regionally adapted smart energy systems. The evaluation of available renewable energy sources, calculated energy potential, land use of available land for energy or food and appropriate energy supply chains help to locate energy targets implementing a cost and emission saving regional resource management [5] . An observation of heat integration and heat storage over time, e.g. solar thermal energy supply, shows that energy use can be reduced significantly [6] . One method that has in particular proven its worth in such processes is Process Network Synthesis (PNS) [7] . This method has been developed in the framework of process technology [8] . This method uses a bipartite graph method (P-graph method) to describe process networks and employs combinatorial rules to find all feasible network solutions (the maximum structure) using all possible raw materials, intermediate products and products as well as all relevant technologies processing these materials. The maximum structure then is the starting point for a rigorous evaluation of all feasible process networks linking raw materials to the desired products, using a branch-and-bound optimisation routine. The software employing this method is freely accessible from www.p-graph.com/pnsstudio, TU Graz [9] .
The method has successfully been applied to regional resource utilisation problems [10] . A special software tool to provide a preliminary overview of the potential of a certain region for smart energy systems based on renewable resources using the PNS method (RegiOpt) was recently developed and is available on the internet (regiopt.tugraz.at, TU Graz [11] ).
In this study, an in-depth planning for the integration of a large industrial plant into a regional energy system using the PNS method was carried out. The goal of this work was to provide decision makers in a region with the rational foundation for their discourse to develop and implement a smart energy system. In a precursor project to the current work, a participatory discourse with citizens and actors was conducted to establish a shared vision of the future of the region. A result of this process was that the region wants to retain its industrial prowess that is particularly strong regarding energy and automotive industry but, at the same time, wants to switch its base for energy provision entirely to renewable resources within the next 20 to 30 years. The task of the current work was therefore to provide the base for this transition, with a focus on supplying industrial sites as well as the urban centres with energy from renewable resources provided by the region.
Technology network synthesis model
For the synthesis, a maximum technology and material flow structure was generated, including all technology options as well as all possible grid structures. A thorough analysis of all available bio-resources was carried out, including waste flows from agriculture, society and other industrial sectors, in particular the regionally important food industry. The data collected include all cost of biomass transport between their respective location of generation and the four locations selected for possible implementation of energy technologies (the three energy provision sites and the industrial plant). High-temperature (HT) pipes for industrial heat, low-temperature (LT) pipes for district heat and gas pipes for the transport of biogas were used in the maximum structure as well as gas cleaning and feed gases into gas-and-electricity-grid options. In terms of possible technologies in the energy system, the maximum structure contains wood gasification plants, (micro)gas turbines, CHPs, gas burners, digesters, gas cleaning/upgrading, heat distribution pipes, gas distribution pipes as well as gas compressors.
Approximately 20,462 ha of the total area of the municipalities under agricultural management and forestry may be used for energy purposes. The area currently used for livestock breeding (a major agricultural sector in the region) is excluded from consideration here although competition with the food sector must be avoided according to the consensus of the involved actors. For energy production, wood from forests, grass from permanent meadows, grass/short rotation/miscanthus on agricultural fields and residues from municipal bio-waste are included in the maximum structure. Possible end products are electricity, industrial heat, district heat, upgraded biogas and digestate (digestion residue), which can be used as fertiliser. The time period for the synthesis was chosen as 1 year. Supplementary requirements of the specific local structural situations were taken into account. All cost and price assumptions for resources, transport and equipment were checked with the actors involved in the regional energy system. Input and output flows used in the PNS are rated at market prices. Input flows (materials) are accounted for at prices that accrue if the resources are purchased on the market. Output flows (products) have local selling prices to consumers. Subsidised 'feed-in tariffs' for electricity and gas are considered and may either be limited or excluded in some scenarios. Table 1 offers an overview on the economic assumptions used in the optimisation.
The data summarised in Table 1 were entered into the PNS software, segmented into raw materials (fossil and renewable resources), intermediates (e.g. raw material before use for energy production), products (e.g. electricity) and operating units (conversion technologies and piping). A detailed description of the technology network can be found in the Appendix. Figure 1 depicts the scheme of the resulting maximum structure.
The industrial site (ELIN motors) may be connected to all three possible locations for electricity, gas and heat production out of the regions' renewable resources. The produced raw biogas (from digesters or biomass gasifiers) can either be burned on site, transported to other locations including ELIN motor factory (via special biogas lines) or the biogas can be upgraded and fed into the next possible feed-in point of the gas distribution grid. Based on the maximum structure, the PNS serves to find value chains with the optimal value added.
Results and discussion
The synthesis of the optimal technology network was carried out with PNS studio 3.0.4, 2011, (accessible via www.p-graph.com/pnsstudio) using the maximum structure described above. The optimal energy system supplies energy to the industrial site in the form of biogas, electricity and heat. Moreover, it allows for district heat provision to the municipalities of Weiz, St. Ruprecht, Thannhausen, Krottendorf and Unterfladnitz. A gross benefit of 274,875 €/year can be achieved, calculated as if the technology network would be operated by one company, all consumers paying market prices for energy services, all suppliers being paid market prices for their resources and capital cost (active life span for equipment is 10 years) as well as operating cost for installations factored in. The gross profit provides a first indication of the viability of an energy system based on renewable resources, before further limitations are taken into account. Figure 2 shows the generated optimum structure. Table 2 presents the raw material consumption as well as the energy output of the optimal technology network. Table 2 also indicates how much of the available agricultural land would be used by the technologies in the optimal network.
From the results of the (unrestricted) optimisation, it becomes clear that in principle, the provision of electricity for the industrial plant is viable, using current feed-in tariffs to calculate the revenue. Provision of high-temperature industrial heat based on renewable resources is still not economically viable given the competition with natural gas. The optimal network operates all possible sites, using digesters and CHP based on biogas. Bio-waste from the region shall be fully utilised; the green biomass potential from grasslands and fields (used as intensive grass production fields) is used to 54.6% and 40%, respectively. Wood gasification is only installed in one site, using just 1.7% of the available forest resource. The manure potential is utilised to 40%.
The unrestricted optimum structure is a first and important baseline for the further planning process. It is however usually impossible to implement, due to conflicting actors interests. In order to generate a 'playing field' for the actor discourse within the region, 21 scenarios with different restrictions were generated, taking possible restrictions in markets as well as sites into account. These scenarios that were generated based on input from various actors in the region, form the framework within which the stakeholder discourse will search for a system that optimises fulfillment of stakeholder expectations. Table 3 provides an overview of the different scenario groups. Table 3 summarises the results in terms of gross profit, energy output and resources' use (as a fraction of available resources) for each scenario group.
Interpretation of results of the scenarios
Since the city of Weiz already has an existing woodbased district heating system, the additional district heat that is generated via the CHPs at the three locations may overload the local market. With this in mind, four scenarios (scenario group A) were created with different demands for the heat market, from the provision of heat for a smaller settlement to unlimited heat demand. Revenues differ widely, from 206,015 €/year to 341,690 €/year (or 75% to 125% of the optimal revenue). This result highlights the importance of the heat market for the economic success of the overall energy system. In terms of resources, higher heat demand would require a (modest) recourse to forest resources. One of the sites for energy centres, namely Mortantsch, is geographically less advantageous situated than the others. Therefore, one scenario (scenario group B) took up this issue by taking out this location from the maximum structure. The result shows that the objective to provide the ELIN Motorenwerk with electricity can still be met; the revenue however will decrease to approximately 88% of the optimal revenue.
The current optimal technology network solution does not supply the industrial heat for the ELIN Motorenwerk as this is not competitive to the current cost for supplying high temperature heat via a gas burner using natural gas at a price of 42.5 €/MWh. Scenario group C therefore investigated how the gas price as well as the gas feed-in tariff will impact the optimal technology network. Already at a natural gas price of 44 €/MWh will change this situation fundamentally. If this gas price is assumed, the existing gas burner will not be part of the technology network and will be replaced by a biogas pipeline from the site Thannhausen South to the industrial plant, a biogas CHP and a small gas turbine at the ELIN Motorenwerk. This will reduce the overall revenue just by 1% in comparison with the optimal technology network, which still uses natural gas for industrial heat. Resource utilisation will also increase in this scenario, using 72% and 62% of the grassland and available fields, 43% of manure and 2% of the forest resources. This is a particularly interesting scenario as it shows how close to economic competitiveness a fully renewable energy provision for the industrial complex is already today! Increasing the feed-in tariff for upgraded biogas from currently 70 €/MWh by less than 10% to 76 €/MWh will have a profound change to the technology structure as at that price, biogas upgrading will become part of the optimal technology network. This will result in an evenfurther increase of resource utilisation (93% and 88% of grass land and fields, respectively) and an increase in revenue to 105% of the optimal technology network calculated with current prices.
The optimal network was based on the assumption that electricity can be sold at current feed-in tariffs for biogas CHP. Scenario group D investigated the impact of changes in these feed-in tariffs. A reduction of more than 50% in feed-in tariffs will eliminate the electricity production via CHP at the three sites completely. Biogas produced will then be upgraded and sold to the grid at current feed-in tariff of 70 €/MWh. This has dramatic consequences for the revenue of the whole system, bringing it down to 16,780 €/year or a paltry 6% of the optimal revenue. For any feed-in tariff less than 90% of the current value, part of the biogas will be upgraded and fed in to the gas grid, with strong negative influence on the overall revenue. These scenarios make clear that any bio-based regional energy system is still critically dependent on the electricity market conditions for feed-in of renewable-based electricity.
Scenario group E was dedicated to investigate the impact of resource limitations. A limitation on wood does not have grave impacts on the economic performance of the system, eliminating the wood gasification, increasing the utilisation of grass resources to 81% and 76% for grassland and fields, respectively, and lowering the revenue to 92% of the optimal value. Restrictions on bio-waste however will have more severe results as the revenue will be decreased to 58% of the optimal value.
Reducing the potential of manure to 10% will result in a general reduction of the production of biogas and considerable economic impact, too. Revenue will fall to 73% of the optimum value.
The most sensitive resource here is grass. If no grass is available, the provision of energy again is reduced considerably and wood is utilised to a higher degree (but with 2.6% of the available potential still easily manageable). Revenue however will fall to 13% of the optimum value.
Finally, scenario group F investigated the influence of the price that might be achieved for the digestate (used as fertilizer). A price of 4 €/m 3 was assumed for the optimal technology network. If no price from this product can be achieved on the market, the revenue of the whole energy system is reduced to 55%, a (very optimistic) doubling of the price to 8 €/m 3 will however increase the revenue to 228% of the optimum value.
Taken together, the scenarios indicate that anaerobic digestion, wood gasification and CHP units are stable choices for Thannhausen North and Thannhausen South, i.e. appear for most of the scenarios. Opposed to that, biogas plants and CHP units at Mortantsch appear less frequently than at the other two locations. Moreover, wood gasification at Mortantsch appears rarely.
The scenario calculations indicate no shortages in resources to provide energy to a relatively large industrial complex. Only municipal waste is utilised fully by almost all scenarios. The calculations show however that grass and manure are key resources in the supply line of any energy system on the base of renewable resources that may support industry in the region. This is justified by the fact that they comprise the biggest shares of the digesters' feedstock. It is therefore of critical importance to secure these resources in the long term.
For a better visual comparison, Figures 3 and 4 illustrate the results for these scenario groups and the optimal initial structure regarding the revenue and energy production, respectively. The scenario groups can be described as follows:
A: There is little variation in the scenarios with lower demand of district heat, except 100% district heat use brings high revenue, also due to increased electricity production. B: An exclusion of location 3 increases energy production of locations 1 and 2. In this regard, transport distances are decreased and revenue is even higher compared with scenarios of higher energy production using all three locations. C: A higher feed-in tariff for biogas directly leads to an upgrade of biogas instead of a reduction of heat production from biogas. A higher natural gas price creates slightly less revenue than a higher biogas feed-in tariff. D: When there are little or no electricity tariffs, the creation of revenue shifts to upgraded biogas and revenue decreases drastically. E: Grass is the key resource of the region strongly influencing the creation of revenue. F: When digestate is returned to the fields and the value of replacing common fertilisers can be recognised, a selling price for digestate can increase the revenue.
The actors in the region are driven by different interests. The industrial company ELIN Motorenwerk and the energy supplier Energie Steiermark have to reach a profitable operating range. The industry already covers its heat demand with a gas burner. Changing the burner to a renewable based burner could only be accepted by the company when they get cheaper energy prices or they benefit from other advantages like external energy production and no additional costs. The interests of the energy region and the municipalities are not only a reduction of carbon emissions and employment creation in the region, but also hit a common point of interest with industry namely a reduction of dependencies from imported fossil fuels minimising economic uncertainties.
Conclusions
The energy technology network resulting from (economic) optimisation features a number of grid-overarching technologies that supply different distribution grids at the same time or may be used to switch between grids. Examples are CHP units that serve heat as well as electricity grids or biogas units that either serve CHP (in themselves already grid overarching) or may even serve gas grids when coupled with gas cleaning units. This grid-overarching nature of such regional energy systems will become even more important when considering the impact of other intermittent energy sources like wind power and photovoltaic, either within or outside the region in question: by smart operation of these technologies, the regional energy systems will contribute to the task of stabilising grids by switching between them to optimise energy storage capacities. In these cases, biogas continuously produced in a digester can be used to supply electricity via a CHP in times of low electricity supply or produce cleaned gas to inject in the gas grid in times of electricity peak production. CHP in turn can be operated following electricity demand and store the heat they produce as heat stored at much lower cost than electricity. Figure 3 Revenue of each optimum structure generated. Figure 4 Energy production for each optimum structure.
Revenue in / yr
In methodological terms, the work presented here underscores the role and importance of reliable optimisation methods for whole technology networks. They allow comparing optimised structures (scenarios) resulting from different parametric frameworks (demand and supply variations, variations in prices and cost) as well as structural restrictions (e.g. site restrictions). Only if stakeholders are provided with optimised alternatives will they enter a meaningful discourse; as otherwise, uncertainty about the systemic impact of differing actor interests as well as projections of future trends will inevitably lead to planning gridlock and hamper consensual solutions necessary for deep restructuring of the energy system. The paper shows that a large industrial site in a region with limited bio-resources may be provided with energy from bio-resources. It shows however that a full-energy turn-around requires careful planning of resources and smart energy systems that link supply for industries and urban centres, utilising and possibly extending existing distribution grids.
The results represent an adaptable optimum technology network for the case study region fulfilling the main objective of the study. Hence, the generated scenarios identify requested price limits and stable technologies related to dependencies on existing technology network, available resources, prices, energy supply and demand situation of the region. The results presented here clearly show that optimal solutions by themselves are interesting but by no means sufficient for decision support. Only if thorough scenario evaluation is added to the optimisation, stakeholders will find a meaningful 'playing field' for their discourse. In the case of this work, the scenarios revealed some more general insights that might also be applicable to other regions where industrial sites shall be supported by regional resources.
One particularly interesting aspect here is that, already with current market situations, sustainable regional energy systems are very close to economic viability for supporting large consumers on a regional base. Another insight is that heat demand outside industry (e.g. for settlements) will critically influence the economic success for regional energy systems. Besides, results point out that electricity market regulation (e.g. feed-in tariffs) is still decisive for the chance to implement such systems. Another interesting aspect is that the availability of lowgrade resources (manure, bio-waste) will have particular impact on the revenue of such systems.
Appendix
Prices of resources, capacity of transportation, maximum capacity of technologies and input/output flows and scenario groups are presented in Tables 4, 5, 6 and 7, respectively. 
